The mammalian target of rapamycin (mTOR) is a kinase that plays a central role in cell growth, proliferation and metabolism [1] . Dysregulations of this pathway are thought to be present in several malignancies including renal cell carcinoma (RCC), refractory hormone-receptor-positive breast cancer (HR + BC) and others [2] [3] [4] .
There are currently two agents approved that selectively target the mTOR pathway: everolimus (Afintor®, Novartis) and temsirolimus (Torisel®, Pfizer) both inhibit mTOR. Everolimus has been approved for the treatment of metastatic RCC in patients who failed prior sunitinib or sorafenib [5, 6] , subependymal giant cell astrocytomas (SEGA) associated with tuberous sclerosis [7] , advanced HR+, HER2-negative breast cancer in combination with second-line exemestane [8] and progressive neuroendocrine tumors of pancreatic origin (PNET) [9] . Temsirolimus has only been FDA approved for the treatment of advanced RCC [10] , though both the drugs continue to be evaluated in a much broader group of malignancies.
Fatal adverse events (FAEs) are defined as deaths that are at least possibly secondary to the use of a pharmaceutical agent. A recent analysis on serious adverse events of targeted anticancer agents showed that after a median of 4.3 years, 42% acquired one or more boxed warnings (the highest level of FDA alert) from pivotal phase III randomized, clinical trials (RCTs) [11] .
The mTOR pathway plays a central role in normal cellular function, so mTOR inhibitors may have a variety of undesirable effects on healthy tissues. In fact, everolimus and temsirolimus have been associated with a set of adverse events including metabolic changes, gastrointestinal disturbances, infections and pneumonitis [12] [13] [14] . We set out to conduct the first study of peer-reviewed RCTs of everolimus and temsirolimus and their relationship to FAEs in patients with cancer.
methods study selection
An independent review of the Pubmed and American Society of Clinical Oncology databases up to June 2012 was carried out. The search was conducted twice, once using the key terms 'everolimus', 'afinitor', 'RAD-001' and once using 'temsirolimus' 'Torisel', 'CCI-779', with both searches limited to human studies. Identified abstracts were then collected and independently coded by four investigators (T.K.C., M.D.K., G.S. and C.J.R.). Full texts of potentially relevant studies were then downloaded, with methods and results sections reviewed for trials design and reporting of study deaths. When specific data on FAEs could not be determined, efforts were made to contact the study authors/manufacturers for clarification. The most recent drug package insert was also scrutinized to include the most updated information.
The goal of this analysis was to evaluate any association between FAEs and exposure to mTOR inhibitors in cancer patients; to that end only RCTs comparing mTOR inhibitors against a placebo or control arm were used. Study quality was assessed using the Jadad scale [15] that includes assessment of study randomization, double-blinding practice and handling of withdrawals, a practice in agreement with other meta-analyses done in this context.
data extraction
FAEs have been defined by the National Cancer Institute's Common Terminology Criteria for Adverse Events (CTCAEs) as deaths occurring within 30 days during a clinical trial as a result of exposure to an experimental drug.
Data extraction was conducted according to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) statement [16] . Any discrepancies between the reviewer's classifications of publications were resolved by consensus.
statistical analysis
The proportion of patients with FAEs and 95% CIs were derived from each trial. We also calculated RRs and 95% CIs of events in patients assigned to the study drug versus those given controls in the same study.
We assessed the statistical heterogeneity among studies included in the meta-analysis with Cochrane's Q statistic, and quantified inconsistency with the I 2 statistic [100% × (Qdf )/Q] [17] . The summary incidence and RRs were calculated by using random-effects or fixed-effects models, depending on the heterogeneity of included studies.
Publication bias was evaluated by using funnel plots ( plots of study results against precision) and with Begg's [18] and Egger's tests [19] . A two-tailed P value of <0.05 was considered statistically significant. All statistical analyses were conducted by using Stata/SE version 12.0 software (Stata, College Station, TX).
results search results
Our initial search yielded a total of 366 potentially relevant abstracts in Pubmed, 309 using the defined search criteria for everolimus and 57 for temsirolimus. Supplementary Figure S1 , available at Annals of Oncology online, outlines the selection process in detail. A total of eight RCTs, six phase III and two phase II trials were carefully reviewed for eligibility and selected for the analysis. These trials represent five studies with everolimus and three with temsirolimus. The characteristics of each trial are presented in Table 1 .
patients
A total of 3193 patients were available for the meta-analysis, with 2236 patients from everolimus trials and 957 from temsirolimus trials. Patients included in those trials followed the eligibility criteria defined by each unique trial and generally included patients with good performance status and adequate organ function. Three trials were carried out in patients with RCC [6, 10, 20] , two in patients with HR + BC, [8, 21] one with PNET [9] , one with all types of neuroendocrine tumors (NETs) [22] and one with mantle cell lymphoma (MCL) [23] . (Table 1 ).
incidence and types of FAEs
The overall incidence of FAEs was 3.2% (95% CI, 2.1% to 4.8%) in the mTOR inhibitors arm (heterogeneity test: Q = 16.02; P < 0.001; I 2 = 56.3%). When stratified by the drug type, the incidence of FAEs in everolimus trials was 3.2% (95% CI, 1.8% to 5.8%). In the temsirolimus trials, the incidence of FAEs was 2.7% (95% CI, 1.7% to 4.4%). For the placebo/ control arm, the overall incidence was 1.2% (95% CI, 0.6% to 2.7%; heterogeneity test: Q = 12.83; P = 0.076; I 2 = 45.5%). Three of the included studies (two everolimus and one temsirolimus) did not specify the cause of death (unknown/ unspecified cause) for the tallied FAEs, representing a total 61.4% of all reported FAEs [6, 10, 22] . Of the reported causes of FAEs, sepsis or infection was the most common cause of death, reported in four trials and representing a total of 11 deaths or 15.7% of all study deaths. Acute renal failure (alternatively reported as acute renal insufficiency) was the second most common cause of FAEs reported in four trials and represented 5.7% of all study deaths. Cardiac arrest or myocardial infarction occurred in two patients and represented 3% of all deaths. All other causes of deaths were infrequent and occurred in isolation. These included tumor hemorrhage, duodenal perforation, cerebral vascular accident, acute respiratory distress syndrome, hepatic failure, suicide, pulmonary embolism, hyperkalemia, sudden death and respiratory failure.
RR of FAES and subgroup analysis
Among the 1930 patients treated with mTOR inhibitors, the RR of having an FAE was 2.20 (95% CI, 1.25-3.90; P = 0.006). No significant heterogeneity was found among the studies of FAEs (Q = 4.35; P = .739; I 2 = 0.0%) ( Figure 1 ). From the five trials in which everolimus was the study drug (everolimus, n = 1315; placebo/control, n = 921), there was a statistically significant increase in the RR of FAEs of 1.92 (95% CI, 1.04-3.57; P = 0.038). Similarly from the three temsirolimus trials (temsirolimus, n = 615; placebo/control, n = 342), a statistically significant increase in the RR of FAE was also observed, 4.74 (95% CI, 1.10-20.50; P = 0.04). No significant differences were observed when comparing the RRs of the two mTOR inhibitors (P = 0.31). Table 2 demonstrates the overall and stratified analysis.
To determine whether the tumor type had an influence on the RR of FAEs with mTOR inhibitors, we carried out a subgroup analysis of RCC, the most common tumor type versus all other tumor types (non-RCC). The RR of FAEs among patients with RCC treated with mTOR inhibitors (3 trials) was 1.60 (95% CI, 0.70-3.62; P = 0.263) (heterogeneity test: Q = 1.87; P = 0.393; I 2 = 0.0%). For non-RCC patients (five trials), the RR of FAEs was 2.98 (95% CI, 1.35-6.58; P = 0.007) (heterogeneity test: Q = 1.32; P = 0.857; I 2 = 0.0%). However, no significant difference between the RRs of these groups was observed (P = 0.32). ( Table 2 ).
study quality
Examination of individual trial design revealed that randomized treatment allocation sequences were generated in all included trials. All everolimus trials were placebo controlled, double-blinded and of high quality achieving the highest Jadad score of 5. None of the temsirolimus trials were blinded. The follow-up time was determined to be adequate in each trial. For patients enrolled in randomized, phase II trials (two studies, 439 patients), the RR of FAE was 2.59 (95% CI, 0.24-28.28; P = 0.436). For those patients enrolled in randomized phase III trials (six studies, 2754 patients), the RR of FAEs was 2.19 (95% CI, 1.22-3.92; P = 0.009), with no significant difference in the RRs between both groups (P = 0.92).
Finally, we attempted to see whether there is any impact of the mTOR inhibitor treatment duration on the incidence of FAEs, as patients who may stay longer on a treatment arm may be in theory more prone to develop events. When we compared the incidence of FAEs among studies with 'short' median time on therapy (defined as less than the median duration of all trials) versus the ones with 'long' median time on therapy (defined as greater than the median duration of all trials), no difference in the incidences of FAEs was found (P = 0.83). When we analyzed treatment duration as a continuous variable in the meta-regression model, we again found that there was no statistically significant difference in incidences of FAEs (P = 0.586).
publication bias
No evidence of publication bias was detected for incidence or RR of FAEs by either Begg's or Egger's test (for RR of FAEs, Begg's P = 0.90 and Egger's P = 0.11).
discussion
To our knowledge, this is the first large study to demonstrate a significantly increased risk of death as a result of mTOR inhibitors. Despite the relatively low events rate, the risk of developing an FAE was more than twofold higher in patients treated with mTOR inhibitors. The process by which individual clinicians in trials determine whether a patient's death was the result of a study drug, cancer progression or other unrelated causes does carry some subjectivity and is a potential source of bias. In this study, the large percentage of reported FAEs that were not assigned a specific cause raise concern. We, however, do not believe that this played a significant role in our work, because all studies included in our analysis were randomized. One of the most recognized adverse events with the use of mTOR inhibitors has been the development of non-infectious pneumonitis. While initially underreported in the registrational phase III trials [6, 10] dedicated independent radiologic review of the two RCC trials reported an incidence of 29% with temsirolimus [23] and 39% with everolimus [24] However, only 10%-13% of patients would have respiratory symptoms suggestive of clinical pneumonitis, with the rest of patients having only radiographic findings. Our findings agree with these reports as fatal pneumonitis or respiratory disorders were rare. Furthermore, one report from our group showed that the development of pneumonitis may be a marker of therapeutic benefit and patients should not be taken off therapy, unless they become symptomatic [25] . Notably, the class-specific metabolic alterations (hyperlipidemia, hyperglycemia) were not directly associated with FAEs in our study.
Most frequently identified cause of an FAE in our analysis was infection, with a fair number of atypical or fungal infections occurring in this group. The factors underlying increased risk of infections with mTOR inhibitors include mucosal erosions, transient cytopenias (mainly lymphopenia), hyperglycemia, the use of corticosteroids and malnutrition [26] [27] [28] [29] . At the cellular level, sirolimus, the active compound of temsirolimus, and everolimus form a complex with the FKbinding protein-12 (FKB-12). That complex inhibits mTORmediated pathways including IL-2 and IL-4 dependent proliferation of T and B cells leading to their cell-cycle arrest, and subsequent decreased immune response [30] .
Despite the size of this meta-analysis, our study has some limitations. First, this is a meta-analysis conducted at a study level, and confounding variables at the patient level, such as co-morbidities, concomitant medications, specific age and previous therapies could not be incorporated into the analysis. It is possible that some of the FAEs in the treatment arm could be deemed unrelated on subsequent follow up reports. Also all of the included studies were conducted in patients with adequate organ function at study entry, this would suggest that rates of FAEs could be higher in common practice. In fact, a recent analysis from the International mRCC Database Consortium suggested that patients ineligible for clinical trials due to one or more common exclusion criteria derive less benefit from targeted therapy than patients who meet all [31] . It is possible that the concomitant administration of other drugs (such as the combination of temsirolimus and interferon) in a few of the trials may have contributed to a higher risk of FAEs. Finally, the process by which investigators attribute FAE casualty is a variable practice since FAEs were not the primary end point of any of the included studies.
In conclusion, the use of mTOR-inhibitor therapies are associated with a small, but significant increase in the risk of fatal drug-related events. Despite these findings, both everolimus and temsirolimus benefit the overall population of patients with clear FDA-approved indications. It is also important to recognize that as this class of drugs gains greater clinical use, practitioners must be aware of the risks associated with their use and must provide rigorous continuous monitoring, especially since the initial recognition of serious adverse effects can occur several years after a drug receives FDA approval [32] . 
